Degree-day models link ambient temperature to the development of insects, making such models valuable tools in integrated pest management. These models increase management efficacy by quantifying and predicting pest phenology. In Wisconsin, the top insect pest of cranberry production is the cranberry fruitworm, Acrobasis vaccinii Riley (Lepidoptera: Pyralidae). Control of this species is often complicated by the fact that the larvae feed entirely within the fruit. Timing of control tactics, therefore, is critical and generally targets the adult and egg stages. However, the commencement of oviposition and egg hatch are extremely difficult to track empirically, forcing pest management strategies to rely on proxy events that are more apparent but less informative as indicators of cranberry fruitworm egg presence. This research provides the upper and lower temperaturemediated growth thresholds of this pest, which represents the first steps toward the creation of a degree-day model. Using field-collected A. vaccinii, we reared the larvae within cranberry fruit and monitored larval growth at nine different constant temperatures. We determined the average growth rate at each temperature and modeled growth rates as a function of temperature. We then calculated the precise upper and lower developmental temperature thresholds of this species. Future work will be able to use these thresholds to generate degree-day accumulations that correspond to phenological events in the field, providing a powerful predictive tool for pest management in cranberry production.
Integrated pest management (IPM) often uses knowledge of pest phenology to improve the timing of any given control tactic. One key IPM strategy is the use of degree-day models to predict insect phenology, which provides accuracy and precision to the timing of pest control strategies (Welch et al. 1978 , Pruess 1983 , Legg 2004 , Damos and Savopoulou-Soultani 2010 . Degree-days are a measure of time and temperature; they are calculated based on daily high and low temperature and accumulate throughout a season (Pruess 1983, Moore and Remais 2014) . As a result, degree-day models are informative across sites and years, which will become increasingly important as global climate change leads to less-predictable temperatures (Parmesan 2007 , Alexander et al. 2013 , Intergovernmental Panel on Climate Change [IPCC] 2013). Degree-day models help to anticipate dates of first and peak emergence, as well as the timing of different life stages of a pest (Legg 2004) . In this way, these models increase management efficacy, helping to ensure that management efforts (i.e., sampling, biological control releases, insecticide applications) occur within the time frame in which pest presence is predicted (Welch et al. 1978) . The ability to predict when discrete life stages will be present is particularly useful for pest management because specific treatments may target such life stages of an insect pest (e.g., ovicides target eggs). The relationship between insect development and temperature can be modeled in many different ways, but the more accurate models incorporate upper and lower growth thresholds. Thus, in order to create a degree-day model for an insect, one must first isolate the temperature thresholds governing the growth rate of the insect.
One of the most significant pests of the American cranberry, Vaccinium macrocarpon Aiton, is the cranberry fruitworm, Acrobasis vaccinii Riley (Lepidoptera: Pyralidae) (Mahr 2005 , Fitzpatrick 2008 ). This moth also attacks other Vaccinium crops, such as the highbush blueberry, Vaccinium corymbosom L. It is a native, univoltine pest that emerges mid-summer, feeds on fruit, then overwinters as a prepupa within hibernaculae in the soil (Mahr 2005 , Fitzpatrick 2008 ). Adult A. vaccinii emerge in late spring. Their phenology is closely linked with the cranberry plant because once the adults emerge, females begin ovipositing a single egg on the calyx of the unripened berry (Mahr 2005 , Fitzpatrick 2008 , Medina et al. 2014 . Importantly, the five larval instars (Godin et al. 2002 ) develop within the berries, feeding solely on the fruit, each individual destroying up to 11 berries throughout its development (Mahr 2005 , Fitzpatrick 2008 documented A. vaccinii destroying up to 50% of a cranberry crop at a given marsh (Mahr 2005) .
Because larval A. vaccinii feed exclusively within the fruit and then retreat to subterranean hibernaculae, management of the cranberry fruitworm is challenging, and timing is a critical component to successful control. Only the adults and eggs are readily accessible; larvae are only vulnerable to insecticide applications when commuting between berries, rendering management at the larval stage largely ineffective (Averill and Sylvia 2015) . Consequently, A. vaccinii control is primarily achieved through insecticide applications targeting the egg (ovicides; Averill and Sylvia 2015) . Timing of these sprays has relied on plant phenology as a proxy, but growth thresholds of the cranberry plant are quite different from those of cranberry arthropods; cranberry plant lower threshold is estimated at 4.5 C (DeMoranville 1992) while the lower threshold for Sparganothis sulfureana (another major cranberry pest) is 10 C (Deutsch et al. 2015) . This means that in early to mid-spring, when temperatures tend to be cooler, plants can develop at a higher rate than arthropods. Extension guidelines also recommend scouting cranberry beds for eggs (Averill and Sylvia 2015) . However, this is quite labor intensive and the use of a degree-day model to forecast peak oviposition would be much more convenient (Pitcairn et al. 1992) . Additionally, considering that weekly trap monitoring provides relatively crude phenological information, and that the timing of ovicide applications is so critical, a degree-day model specific to cranberry fruitworm is essential in order to optimize application efficacy.
The objective of the current work is to determine the upper and lower temperature-mediated developmental thresholds of A. vaccinii using field-collected larvae and climate-controlled laboratory rearing procedures. This experiment is the first step toward the creation of a species-specific degree-day model for this pest. These thresholds will be used to generate degree-day accumulations, which can be correlated with discrete life-stage events. Ultimately, such a model will help growers and pest management professionals to more effectively manage A. vaccinii populations.
Materials and Methods

Insect Collections
Acrobasis vaccinii larvae were collected from commercial cranberry marshes in Wisconsin (USA) by walking the perimeter of cranberry beds and scouting for damaged berries. Once a cranberry is damaged, it turns red as a stress response, so they are evident from a distance (Franklin 1948 , Neunzig 1972 . Damaged berries were picked and placed in a cooler for transport back to the lab. Collection took place at mid-bloom/early fruit set in early July, 2015 (for a review of cranberry phenology see Eck [1990] ). The experiment began the following day by carefully cutting open the berries to look for living larvae, extracting larvae with a camelhair paintbrush and weighing each individual on an analytical balance to the closest 10 À6 g, and randomly assigning each to a temperature treatment. Because we could not control for the developmental stage of the larvae when the experiment started, growth was measured as weight gain over time, rather than time for each instar development.
Plant Material
In order to mimic, as closely as possible, the conditions for A. vaccinii larval growth in the field, experimental larvae were maintained inside the cranberry fruit. Fruits were kept attached to cranberry uprights to ensure that they maintained turgor and moisture levels. Berries were prepared for larval feeding by excising a segment of the fruit. The excised section of fruit tissue was retained to serve as a replaceable "door," and taped down to confine the larva within the fruit (Fig. 1A, B ). Uprights were obtained from two sources. The first of these were sods that had been extracted from a commercial cranberry marsh in central Wisconsin (cv. 'Ben Lear'). These sods were then maintained in cold frames and hand-pollinated to ensure fruit set. Additional uprights with fruits were clipped as needed from commercial production fields throughout central Wisconsin. This additional plant material was rinsed with soap and water to remove any potential chemical residues.
Experimental Conditions
Each time larvae were weighed, berries were carefully opened ( Fig. 1A ) in order to remove and weigh the larvae. After weighing, larvae were placed in a new, fresh berry ( Fig. 1B) . Because larvae were given new berries at each weighing event, any lasting effect of mechanical injury to fruit was minimal (no visual signs of discoloration). Larvae were handled with camel-hair paintbrushes and placed into the seed chamber of the new berry. Berries were maintained on individual plant uprights, that were wrapped with cotton squares (to keep them in place) and placed in a flower pick (Fig. 2) . Individual chambers enclosed each upright to ensure that larvae were confined to their unique upright and berry. Chambers were constructed of clear acrylic tubes (2.5 by 6.5 cm) with a layer of mesh glued to one end and were placed over the fruits and uprights. Each chamber was held within a platform designed to hold multiple chambers (Deutsch et al. 2015) .
Initial experimental set up consisted of nine environmental chambers each set at a distinct temperature (see Table 1 ) and 10 larvae (replicates) per temperature. A data logger (Onset Computer Corporation; Bourne, MA) was placed in each environmental chamber to record the actual temperature. The number of days between larval weighing events varied by temperature (Table 1) . We did this in order to optimize data collection over the life of the larvae with the understanding that each weighing event was disruptive to the larvae, so the slowly growing larvae at lower temperatures were recorded at a lower frequency than more rapidly growing larvae at higher temperature.
Larvae exposed to the upper end of the temperature spectrum (34, 39, and 41 C) exhibited higher rates of mortality; in order to maintain enough replicates for these treatments, larvae from the colder temperatures (6, 10, and 14 C) were used to supplement the former after adequate data were collected from the latter. These larvae were still small enough to meet initial weight requirements for the analysis (see condition (1), below).
Statistical Analysis
Larval weight data were included in the analyses if the following conditions were met: 1) the larva's starting weight was < 0.015 g; 2) they survived long enough for three data points (including initial weight) to be recorded; 3) the three weight observations were those of larvae, not cadavers or pupae. Condition (1) was set because larvae above this threshold were so far along in their maturation that they were highly likely to violate condition (2) and (3) above.
Mortality rates were calculated based on the number of individuals that did or did not survive long enough to collect three data points. The relationship of mortality rate and temperature was determined by fitting a parabolic regression through the data. An optimal temperature for larval survival was determined by solving for the point on the parabola where slope equals zero (dy/dx ¼ 0).
Growth rate for each individual was determined by creating a linear regression of weight over time (y ¼ mx þ b, where x is time (d) and y is weight (mg)). The null hypothesis for all regression analyses was that the slope was zero. A significant slope term indicated that the larval growth rate was nonzero, and thus a predictable function of time at that temperature. To ensure that the starting weight of individuals did not bias their growth rate, we tested for an interaction effect of treatment and start weight on growth rate. The average slope, m ¼ growth rate (mg/d), for each treatment was regressed against the recorded temperature, and a cubic (thirdorder) polynomial was used to fit the data (Deutsch et al. 2015 ). The cubic model used, also known as the Harcourt Equation (Harcourt and Yee 1982 , Briere and Pracros 1998 , Kontodimas et al. 2004 , is as follows:
where T is temperature ( C) and a, b, c, and d are empirically derived constants. The lower and upper temperature thresholds were then derived by calculating value of T at the "trough" and "peak" of the polynomial function, respectively. This calculation necessitated taking the first derivative of equation 1, yielding the following form:
By setting equation 2 equal to zero and solving for T, we isolated the temperatures at the precise points on the curve where the slope is zero, which represent the "peak" and "trough" of the cubic relationship. All analyses were conducted in R version 3.2.2 (R Development Core Team 2015); polynomial calculations were completed in R package polynom (Venables et al. 2014) .
Results
The parabolic model of larval mortality is represented by the equation y ¼ 0.35 þ 1.2e À2 Â x À 1.63e À3 Â x 2 þ 3.62e À5 Â x 3 ; R 2 ¼ 0.64 (Fig. 3) . The model predicts larval mortality to be lowest at 25.89 C, which is consistent with the data in which mortality was lowest at 24 C. Mortality rose at the upper and lower ends of the temperature range, but much more at the warmest temperature treatments; indeed, mortality was highest at 41 C in which over half of the individuals died before being weighed three times.
Growth rates were significantly affected by temperature (F 1, 8 ¼ 7.24; P < 0.001); starting weight was not a significant predictor of growth rate (F 1, 8 ¼ 3.34; P ¼ 0.07); and importantly, there was no interaction between temperature and starting weight on growth treatment (F 1, 8 ¼ 0.29; P ¼ 0.97), so we proceeded with the analysis of developmental thresholds.
Temperatures recorded by the data loggers in the environmental chambers were generally consistent with the programmed temperature (Table 1) , with the exception of one chamber. This chamber was programmed to be 39 C but the recorded temperature was 35.7 C. Because this temperature was so close to the 34 C degree chamber (recorded at 34.3 C), larval growth data between the two were pooled. Pooling the data between these two temperature treatments also improved the model fit. Before pooling the data, r(T) ¼ À3.002e À4 Â T 3 þ 1.571e À2 Â T 2 À 0.1376 Â T þ 0.4035, R 2 ¼ 0.79. After pooling the data, r(T) ¼ À3.411e À4 Â T 3 þ 1.885e À2 Â T 2 À 0.2033 Â T þ 0.7706, R 2 ¼ 0.93 (Fig. 4) . Solving for the upper and lower thresholds gave 30.3 and 6.6 C, respectively. Between the lower and upper thresholds, mean larval growth rate tended to rise predictably as a function of increasing temperature (Table 1) but attenuated as it approached the upper threshold (Fig. 4) . At temperatures above the upper threshold, larval growth rates declined, but remained nonzero.
Discussion
The present study has experimentally determined that the upper and lower developmental thresholds of the cranberry fruitworm are 30.3 and 6.6 C, respectively. It is important to note that when these thresholds are used to calculate degree-day accrual, the intermediate cutoff should be used with the sine wave computation. The sine wave computation method takes into account that daily temperatures more closely mimic a sine wave, and is therefore a more accurate representation of actual degree-days (Pruess 1983 ). The intermediate cutoff should be used (as opposed to a horizontal or vertical cutoff) to account for the fact that growth rates decline above the upper temperature threshold. In a theoretical sense, the upper threshold as defined in this current work is more akin to the optimal temperature threshold, at which development rate is greatest (Moore and Remais 2014) .
The upper and lower temperature thresholds presented here provide the first step toward the creation of a field-relevant degree-day model for cranberry fruitworm. In order to create a model applicable to pest management, future work will use these thresholds to calculate degree-day accrual and correlate life stage benchmarks with specific degree-days (Deutsch et al. 2014) . For example, degree-day accrual should be correlated to first flight, peak flight, beginning and end of oviposition, and egg hatch. Once these correlations are completed, the resulting degree-day model will be a valuable management tool for cranberry growers to control cranberry fruitworm.
It should be noted that the thresholds determined in this research are specific to the growth of the larval stage. Previous work has shown temperature thresholds can vary by life stage even within a single species. For example, the lower temperature thresholds of southern pine coneworms, Dioryctria amatella Hulst, another pyralid pest, vary by two degrees Celsius between the eggs and the larvae (Hanula et al. 1987 ). This pattern is not uncommon in the literature (Marco et al. 1997 , Lopez et al. 2001 , so there exists a strong Treatment is the programmed temperature ( C) for each environmental chamber, while recorded temperature is as recorded ( C) by data logger (6 SD). Data are shown for treatments at 34 and 39 C as well as the pooled data from the two treatments. Fig. 3 . Relationship between larval mortality and temperature; y ¼ 0.35 þ 1.2e À2 Â x À 1.63e À3 Â x 2 þ 3.62e À5 Â x 3 ; R 2 ¼ 0.64. Note that mortality in this figure is determined by the number of individuals that did or did not survive long enough for three weight measurements. Fig. 4 . Cubic model of mean larval growth rate (6 SE) as a function of temperature; r(T) ¼ À3.411e À4 Â T 3 þ 1.885e À2 Â T 2 À 0.2033 Â T þ 0.7706, R 2 ¼ 0.93. Upper and lower temperature thresholds are found at the peak and trough of the model (where dy/dx ¼ 0). possibility that developmental thresholds of cranberry fruitworm also vary by life stage. Additionally, the degree-day model cannot account for temperature discrepancies between discrete microhabitats in the cranberry field and ambient temperatures (Schoonhoven et al. 2005) . For instance, the pupae are protected in the duff layer, the larvae are residing within the berry itself, and the adults are freeroaming. Therefore, different life stages may be experiencing temperatures quite different from one another, which introduces "noise" into the process of determining stage-specific degreeday accrual.
Despite the inherent crudities associated with the development of a degree-day model, such models have been shown to vastly improve the precision of integrated pest management programs (Deutsch et al. 2014 , Sjö berg et al. 2015 . As market demands shift IPM away from conventional and broad-spectrum insecticides, more ecologically sound treatments such as insect growth regulators, biopesticides, and biological controls are becoming increasingly adopted, but their efficacy relies on more precise timing to target the correct life stage of the insect pests (Damos and Savopoulou-Soultani 2010) . The incorporation of species-specific degree-day models into pest management programs will help managers to apply these treatments within the narrow time windows for optimal efficacy. Lastly, considering that most extension recommendations rely on the use of plant phenology to predict cranberry fruitworm phenology (Averill and Sylvia 2015) , a degree-day model specific to cranberry fruitworm will become increasingly important as the global climate continues to shift (Alexander et al. 2013 , IPCC 2013 and the chance for phenological asynchronies increases (Parmesan 2007) .
